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SECTION 1, - INTRODUCTION

In accordance with the requirements of a GAEC - MSC agreement
(Ref: LEM-IOM-62-4TH dated 18 December 1962, subject: Technical
Data Review) a preliminary study has been conducted to evaluate
alternate approaches for thrust vector control of the LEM vehicle.

By definition, the systems to be evaluated have been selected to

be those which are utilized for modulating the magnitude and/or dir-
ection of the vehicle thrust vector throughout the mission profile.
This will include all phases such as separation, injection into
equi-period orbit, abort from descent coast , powered descent, abort
from powered descent, flare, translation to touchdown, powered ascent,
rendezvous and docking. Only the coasting phases during ascent and
descent have been excluded from consideration in this study, therefore,
as thrust vectoring is not accomplished during these periods.

In evaluating the alternate approaches to effecting thrust
vector control, three major design constraints were adapted to serve
as grouncrules, and are listed below in order of highest priority.

1. Crew Safcty - Only those systems with the greatest inherent
reliability and crew safety will be considered.

2. Trajectories - Thrust vector control systems must be capable
of effecting vehicle control over the LEM functional tra-
Jectories requirements and within the tolerances needed for
satisfactory execution of &ll phases of the mission.

3. Handling Qualities - Astronauts shall be capable of effecting
satisfactory control during all phases requiring msnual
inputs.

Based on the above considerations an integrated control system
consisting of sixteen 100 pcund reaction jets, a throttlable (1,050~
10,500 pcunds) desceut engine gimballed for automatic trim control
about the vehicle Y and 2 axes, plus a fixed nonthrottlable (3,500
pounds) ascant engine is recommended at this time for effecting
vehicle thrust vector control during the required mission phases.

pate 14 May 19¢3
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SECTION 2, - SUMMARY

This report discusses alternate methods of thrust vector control
and presents a recommended configuration. The heart of the problem
lies in the means of obtaining attitude control during the descent
thrusting portions of the mission. Four methods were considered:

Reaction control (RC) Jets only
Gimbal control omly

BEngine gimballed for c.g. trim plus RC:jets for attitude
control '

RC Jets plus high gain gimbal for attitude control

The first two methods were excluded because they won't provide the
required torque capability with practical designs. The last two
were studied in more detail.

Method #3 was sclected for recommendation in this report for
the following ressons:

A single pair of RC jJets will meet the control torque
requirenents for a normal mission if a slow rate trim
gimbal is used@ for c.g. compensation.

The only time that high rate attitude meneuvers may be needed
while thrusting is during the hover to landing phase (without
considering abort). This is the time when the gimbal is
least effective since thrust is close to minimum,

RC control torgue can be doubled for possible "hard over™
terrain avoidance maneuvers or abort maneuvers by employing
the redundant pair of jets that is available about any one
axis at a time,

A maximum of 6 degree gimbal deflection is cousidered a
practical limit for space rcasons. An estimated 3.5 to 4.5
degrees is neecded for c.g. trim. This leaves very little
for attitude control torque augmentation.

The high rate gimbel actuator is 20 pounds heavier than
the trim gimbal and requires 45 times as much peak pover
(1200 watts vs. 7 watts), and roughly 18 times as much
average power.

Although a quantitative relisbillity analysis hasa not been .
completed, the high rate gimbal is more complex since it

needs servo loop electronics. The trim actuator is a simple

open loop on-off device and is therefore more reliable.

The possibility of a run-away gimbal presents_a much greater

perort LED=290=2
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crew safety hazard with the high speed gimbal (20 deg/sec)
than the low speed trim gimbal (.2 deg/sec).

For these reasons the trim gimbal plus RC Jets for attitude
control is recommended for approval by NASA<MSC.

Additional aspects of the thrust vector autopilot that are
discussed in the report include modes of operation, RC jet location,
Jet logic, pulse modulation schemes, handling qualities, fuel slosh
problems and control dynemics. Preliminary results of recent landing
and docking simulations are also discussed briefly.

Finally, future work on thrust vector control is outlined in the
report, and upon approval, will be based on the recommended configuration.

. ’ DATE 14 May 19063
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SECTION 3. « DESIGN REQUIREMENTS

The design requirements for thrust vector control must be
based on Navigation and Guidance requirements, iategration with
other subsystems including communications, environmental control
and structures, human factors, and reliability. These considerations
must then be weighed against the practicality of FCS implementation.

The basic design philosophy to be used in FCS design will be
to use the simplest and most reliable design that will do the Jjob.
The requirements are discussed in detall here and summarized in
table 3~1. The LEM vehicle characteristics are shown in figure 3-1.

3.1 Dynamic Ranges

THRUST DYNAMIC RANGE

Thrust level range for the descent main engine must be 1050 to

10,500 lbs with throttling capability between these limits. This
range 1s based on the trajectory outlined in the mission profile
given in appendix A (vehicle weight and .V as a function of time).
Throttling over the entire range from 1050 to 10,500 lbs is reguired
by N & G from injection to hover. During manual throttling operation
from hover to landing a range of 1050 to 3000 lbs. will be used.

This does not preclude the possibility of manual thrattling over
larger thrust ranges for contingency situations.

Ascent engine thrust can be restricted to a single level since there
is no requirement for controlling thrust to welght ratio as there

is during hover to landing. (Also, a second thrust level capability
is available from RC jets for use during rendezvous or for ascent
mid-course guidance corrections.) The main engine thrust level to
be used is 3500 lbs, which corresponds to the required V and time
profile given in appendix A.

THRUST IMPULSE DYNAMIC RANGE

Thrust impulse during gscent will range from 2.5 x 107 lb-sec
(injection) to 2.9 x 10° 1b sec (flare) for powered descent,

(refer tg appendix A). The total thrust impulse will be approximately
3.4 x 10° lb-sec.

During ascent the range is from that needed for midecourse corrections
(which are presently not known)to 10.7 x 107 lb-sec, for the main
engine, For the RC jets it will range from minimum impulse of 1.2
1b-sec (minimum impulse using 2 jets) to roughly 2 x 104 1b-gec

(for rendezvous).

TORQUE DYNAMIC RANGE (ebort Y and Z axis)

Torque dynamic range is governcd by a number of factors, some of which
must be traded off against each other. Maximum torque is that needed
to provide compensation for c.g. offset plus maximum angular acceleration

~CONFBENMRY= O T
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FIGURE 3-1

LEM CONFIGURATION AND MASS PROPERTIES

(Based on Proposal Values)
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TABLE 3.1
SUMMARY OF DESIGN REQUIREMENTS

MISSION DYNAMIC
PHASE PARAMETER RARGE ACCURACY RESQLUTION
Descent |Thrust (T) 1050-10, 500 +1% after 5 sec 1% from 1050-
1bs +10,~1% at end 3000 1bs and 8400~
of duty cycle 10,500 1bs, +5%
from 3000-84L00 lbs}
Thrust 1.8 x 10° Predictability -
Impulse (Tt) [to 2.8 x 100 [$100 Ibs-sec
} lb‘BQCo
Torque (L) c.g. offset:
18802200 fte
lbs- e
Other: +1.0% -
90 ftelbs to
2200 ftelbs
Torque With Trim Gime

Impulse (Lt) [bal:
6.6 to 2200 ft

lbs=gec Predictability
Without Trim |[+1l.1 ftelbs«sec -
imbal ;
6.6 to 100 pt-
1lb-sec
Attitude ' +0.1 deg.std.
Control - dev., zero mean -
[Aecuracy
[About Y&Z axed
iscent  [Thrust 3500 1bs +1% after 5 sec.
+10,-1% at end of -
duty cycle
Thrust (Not knowng Predictability
Impulse to 1.07x10 +200 ftelbesec -
Torque c.g.offsat; -
120-7T70 ft-lbs [¥1.0% -
Other: 70-
2200={telbs
Torque 6.6 t0 10°  [+1.1 ftelbe ]
Impulse fte-lbegec sec
Attitude + 0.2 deg,std.
Control - dev, zero mean -
Accuracy
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plus & margin for cross coupling amd other disturbavces. Preliminary
estimates of c.g. offset during descent indicate s maximm of 2.5%

iz to be expected. At maximum thrust of 10,500 lbsg. the largest
torque developed is 2200 ft.-lbs, This is therefore the amount
needed for c.g. compensation unless & trim gimbal is used.

During escent the c.g. offset can be as large as 2.6 inches (an

average of 1.0 inches over the thrusting period is required, however,

for reasons of RC fuel consumptieom). At a 3500 lb thrust level the

required torque for compensation is 770 ft-lbs. Column A of Table

3.2 summarizes the torque needed for c.g. compensation throughout

the mission. As seen in the mission profile, no large, rapid attitude
maneuvers take place during descent thrusting perieds except from .

hover to touchdown, where the maneuvers are still rather small under

normal conditions. Column B of Table 3.2 lists the attitude control -
torque requirements for a normal mission.

A possible need for large attitude accelerations may arise in the

case of emergency terrain avoidance maneuvers. The terrein avoidance
problem has not been studied to any great extent and must be approached
from a more general handling qualities (HQ) viewpoint. It has been
found that an attitude rate limit of 20 deg/sec during manual operation
is satisfactory. In addition, response time (3 time constants) of

less than 1.5 seconds is a satisfactory HQ range (HQ i{s discussed in
more detail below). This means am angular acceleration of approximately
18 deg/sec® must be available for emergency terrain avoidance maneuvers,
allowing a margin for contrel dynamics.

The torque required to accomplish this, using the appropriate moment
of inertla, is: (hover to landing)

LII6

6000 slug~fte x_=—. rad/sec?

W

18
57.3
1900 ft-1bs

1]

For cross-coupling and other low frequehcy disturbance torques including
engine misalizmment, 200 ft-lbs is allowed during descent.

In summery, a meximum of 2200 ft-1lbs of torque {or e trim gimbal) is
needed for c.g. offset and 2100 ft-lb. for ungular acceleration cap-
ability during hover to touchdowa. Column D of Table 3.2 gives an

extrapolation of the latter value to the remainder of the mission
thereby giving available con&rol torque for possible emergency ebort
maneuvers.

Preliminary estimates of attitude acceleration requirements during
abort maneuvers indicate that the availsble torques given in Table
3.2 are sufficient. This is discussed further in paragraph 3.3.

—SONFIBENM o o202
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Minimum torque is totally dependenﬁ*bn‘the autopilot and torque generator
response characlteristics., One hundred pound ON-OFF reaction jets have been
selected early in the program for the following reasons:?

1. They provide a good compromise between control torque and minimum im-
pulse needs, the minimum impulse being 0.6 lb-sec. With an 11 foot
lever arm the resulting minimum aB lar rate that can be commanded when
LFM is its lightest (1000 slug ft ?uls 8 min. = 6.6 milliradians/sec.
This is an acceptable rate for limit cycle operation,

2. They are tried and proven hardware currently under development for use
in the Apollo vehicles.

It should be noted.that torque requirements about the Y and Z axes
given above are based on vehicle inertias given the first column of
table 3,2, If vehicle inertias undergo significant growth, the torque
requirements must increase.

TORQUE IMPULSE DYNAMIC RANGE

For descent, the hlgh end of th: dynamic range of torque impulse (LT) is de-
termined by the "hard over" maneuver to 20 deg/sec angular rate in 1.0 sec
if a gimbal is assumed for c.g. trim, This would be a torque impulse of
2100 ft-lb-sec. If a trim gimbal is not used, the worst case torque impulse
would depend on the control system dynamics.

Minimum impulse is again an RC jet design consideration, For th: 100 1b
jets being considered, at a lever arm of 11,0 ft, it would be 6.6 lt-lb-sec
since impulse predictability becomes very poor below 0.6 lb-sec thrust
impulse (refer to Appendix E).

During ascent tho largest torque impulse will be that needed for c.g.
offset and will also depend on contrcl system dynamics. Minimum impulse
will again be ©.0 ft-lb-see,

3.2 Accuracy

ATTITUDE CONTROL ACCURACY

Attitude control accuracy requirements during thrusting periods have not
yet been firmly established. Preliminary navigation and guidance study
results and FCS implementation considerations have led to the following
values, ©Standard deviation during descent shall be +0.1 deg with a mean
of zero with respect to the commanded angle. Standard deviation during
ascent shall be +0.2 deg, again with a mean of zero, These values assume
an attitude sensing resolution at least an order of magnitude better, or
0.6 minutes of arc. Transient attitude error requirements have not yet
been established but are not expected to greatly affect the guidance
problem, These accurescies are presently being reviewed for possible
relaxation.

THRUST ACCURACY

Thrust accuracy during descent need not be stringent since throttling is
available for guidance corrections. It has therefore been established on
the basis of present specified hardware capability, which is as follows:
+1.0% after 5 sec burning time at full thrust.
+lO%, - 1.0% at end of duty cycle at full thrust.

LED-290-2
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Thrust throttling resolution, however, has been established at the
following values; again based on present hardware capability:

+ 1.0% from 8400 - 10,500 1bs. thrust

5.0% from 3000 - 8400 lbs. thrust

i+

+ 1.0% from 1050 - 3000 lbs. thrust

Resolution is defined as the minimum change in thrust level command
signal that will cause a change in thrust level.

Thrust accuracy attainable in the ascent stage is the same as the
descent stage and is presently being reviewed for possible improvement.

TORQUE ACCURACY

Torque accuracy requirements can be based on minimum impulse requirements
and cross coupling effects due to an unbalanced couple (causes trane
slational motions)., It turns out, however, that RC jet accuracy
required for preventing cross coupling from translation mccelerations

to rotational motion are more stringent. Maximum tolerable error for
this effect has been set at ¥1% of nominal jet thrust level (essumed

100 1b jets). This would result in a cross coup%ing torque of 1l ft-lbs,
or an angular acceleration of 6 milliradians/sec® as a worst case.

Since the same jets are used for torque and translation, the resulting
torque accuracy will also be + 1.0%,

THRUST IMPULSE PREDICTABILITY

Thrust impulse predictability, or shut off uncertainty has been set

at 100 lbesec for the descent engine. This is based on the requirement

for obtaining a vertical velocity at touchdown of less than 5 ft/sec.
During ascent the impuvlse predictability required is 200 lbesec and is based
on the required precision for injection into a clear pericynthion o:bit

from lift-off,

TORQUE IMPULSE PREDICTABILITY

As explained earlier, the 100 1b RC jets have been selected for
generating control torguc because of availability and because they

are a good compromise between maximum torque requirements and minimum
impulse capability. The minimum impulse is 0.6 lb-sec {or 6.6 ft-lb-sec
torque-impulse .with a predictability of 0.1 lb-sec (or 1.1 ft-lb-sec).

3.3 Abort Considerations

A stringent requirement is placed upon the LEM angular rate and accele-
eration capability during am abort situation from powered descent

to rendezvous. Assuming the abort trajectory requires an initial
vertical thrust period, the LEM attitude must be changed from that
vhich it assumes in a nom1na1 powered descent trajectory to a vertical
position. This angular change can vary between 100° and 60° depending
upon the point of abort in the powered descent trajectory. A current

repORt  LED-290-2
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abort procedure indicates thatethe minimum acceptable rate and accel-
eration is 10°/sec and 10°/sec® respectively.

When results from the present abort trajectory and accuracy studies
are obtained, further constraints may be applied to the thrust
magnitude and attitude hold accuracy requirements.

;.h Handling Quality Requirements

Handling qualities rcquirements for the LEM will be developed by using
data from three reference sources: 1) eurrent aircraft handling
qualities specifications; 2) related simulation programs conducted by
other organizations; and 3) GAEC LEM simulation programs. The approaches
being used to establish these requirements are:

1. Draw an analogy between performance regquirements of the LEM
for various mission phases and those of other known vehicles
such as missile, alrplane, helicopter.

2. Review available Handling Qualities data derived from other
simulation programs (LEM, Mercury, Gemini, Apollo, etc) and
use if applicable,

3. Reduce and integrate data available from the CGABC LEM docking,
landing and rendezvous simulation programs.

A besic control simulator is also planned to allow evaluation of
parametric variation in the control display loop.

Pigure 3-2 summarizes the most significant results of the simulator
programs to date. It is seen that the boundary between the "satisfactory"
and "acceptable” regions for the hover to landing chart was found to

be less well defined than the boundary between "acceptable" and "une
acceptable" regions. Hence, this boundary is shown with a fringe area

of uncertainty. This curve {pxms the basis for the hover to landing
autopilot response requirement,given in paragraph 3.1, of response time
less than 1.5 sec, The lower limit on response time.implied by the curve
may be a misleading result of the experimental method. It is not, in any
case, critical to the problem at hand,

REPORT LFED- 290—2
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SECTION L4 - DESCENT THRUST VECTOR CONTROL

L1 Thrust Magnitude Control

It has already been established in the proposal ("Project Apollo -
Lunar Excursion Module Proposal", GAEC, 4 September 1962) and in

the study report ("Lunar Excursion Module Study, GAEC, 22 June 1962)
that a single deep throttling engine will be used for descent rather
than separate vernier engines. The reasons for this choice were
clearly stated and need not be pursued further here, The discussion
will be confined, therefore, to the throttling servo, the interface
with N & G and the coeckpit controller.

Figure 4-1 is a simplified diagram of the thrust magnitude control
system,

Normel mode of operation is for the primary navigation and guidance
system to control descent engine thrust during injection into syn-
chronous orbit and powered descent to hover., The pilot cen over-
ride at any time, and control thrust with the cockpit controller.
The landing will be accomplished with the pilot manually controlling
thrust. Completely sutomatic landing is presently being considered
but 1ts use will not be assumed for this discussion,.

The main components of the descent engine throttie servo system are

a pressure transducer, servo electronics, and throttle valve actuator.
The transducer produces a O to 5 volt D.C., signal proportional to
engine chamber pressure (thrust). The electronics compares this
signal and actuator feedback signals to the thrust command signal

and drives the throttle actuator accordingly, Stabilizing loops are
provided around the torque motor, Design details of the throttle
servo are being negotiated with subcontractors and are not avail-

able at this time,

Thrust commands generated by the N & G computer as the result of
trajectory conditions are composed of 3200 pps pulse trains. Average
pulse frequency is proportional to rate of change of thrust. This
signal format is not useable by the proposed throttle servo which
required as analog voltage proportional to commanded thrust level,
Design of the interface equipment is under discussion between MIT
and Grumman.,

When the pilot elects to manually control thrust level he actuates
a switch which disconnects the N & G system from the throttle servo
and engages the cockpit controller. The N & G system continues to
generate thrust commands which the pilot has the option of using,

Several systems are being considered to prevent step changes in
thrust command when the pilot selects manual or N & G control. A
servo which drives the controller to follow N & G conmands is one
possibility. This would prevent transients when the pilot assumes
manual control, but would not prevent a step input if the N & G
system were re-engaged. A de-clutching device is required to dis-
connect the servo when menuasl control is desired, and this would
decrease overall system relisbility.
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Various shaping networks are being considered as alternatives to

the above method to modify & step input, and thelr effects on thrust
response, servo stability, system relisbility, etc. are being inves-
tigated.,

Present plans are to provide a dual range thrust controller mounted
on the left side of the pilot station., The controller high thrust
range will command continuously variable thrust between 3000 and
10500 pounds. This is the approximate throttling range used during
the powered descent. Since information to be used by the pilot in
determining manual thrust requirements has not been defined it may
be that the high range will reduce to only a fixed level thrust
position.

The low thrust range of the cockpit controller will be used during
the landing portion of the powered descent, Throttling range is
continuously variable between 1050 pounds and 3500 pounds. Simu-
lation programs have shown that this range is adequate and that
precise control within this range requires controller movement of at
least 3 arc inches. At this time there is no requirement for manual
control of thrust levels between the 2 ranges described., The con-
troller will be provided with detents which will indicate the limits
of the 2 ranges and the engine stop setting.

Three controller configurations are currently being considered for
evaluation on the simulator, These can be categorized a&s aircraft
throttle type, Apollo translational thrust controller type and heli-
copter collective pitch controller type. At the present time it
appears desirable to provide Z end Y axis translation control while
controlling descent engine thrust. This is done most conveniently
by lncorporating these controls, along with the X axils translation
control required during docking, into a single cockpit controller.
The integration of 4 distinct functions into a common controller be-
comes difficult when such things as pressure sult mobility and control
motion/vehicle motion compatability are considered. These man-
machine interface relationships will be settled as the result of
studies currently under way.

4,2 Thrust Direction Control

Four alternative methods of obtaining thrust direction control (or
gttitude control while thrusting) during the descent phase have
been investigated, and are as follows:

1. RC jets only - the RC Jets provide c.g. offset compensation
as well as attitude control.

2. High gain gimbal only - gimbal is used for c.g. offset and
attitude control, thereby making it a high rate and accelera-
tion gimbal,

3. Low gain (trim) gimbal plus RC jets - the gimbal has low rate
and acceleration and is used to compensate for ¢.g. travel.
RC jets are used for attitude control.

geport  LED-200-2
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L,2,1

4. High gain gimbal plus RC jets - the high gain gimbal augments
the RC jets for both c.g. compensation and attitude control.

The first two alternatives were eliminated at an early stage because
they will not meet the requirements established in section 3.

As shown in paragraph 4.,2,1, a maximum of 2200 ft-1b. of attitude
control power is avellable from the RC jets. This much is needed
just for compensation of c.g. offset during descent so that the "RC
Jjet only" configuration will not provide the required overall control
pover. Use of larger RC Jets is incompatible with minimum impulse
requirements. Another point that precludes the use of jets for c.g.
campensation 1s the large amount of fuel required. Assuming an
average of 1,75 inch c¢.g. offset (from table 3.2) a thrust level
of 8800 1bs, an RC jet lever am of 5.5 f£t, an Igp of 300, and a
main engine burning time of 500 sec. during descent, the RC fuel
weight required is:

8800 X 1.75 X 500

RC Wt./axis = X 55X 30 ° 392 1bs.

This is far in excess of the added weight for a c.g. trim gimbal
(=80 1bs. for two axes). Adding extra jets for c.g. compensation
would therefore not be a practical solution to the control torque
problem. :

The second alternative can be eliminated for s:milar reasons. In
order to obtain 1100 ft-1bs. of control power (equivalent to one
pair of RC jets) at minimum thrust level, the gimbal deflection angle
needed is:

-1 1100 ft-lbs

o =8N FTERTT650 1bs
- aigml 1200
3150
= 20 deg.

Note: lever arm is aspproximately 3 ft. during hover when minimum
thrust is used,

An additional defleetion must also be added for c.g. offset. This
is, of course, out of the question., An additional disadvantage of
using a high gain gimbal for attitude control is the large variation
in loop gain with thrust level.

Configurations #3 and # mentioned above are the only ones worthy
of further study and are presented in detail here, They will here-
after be referred to as cases A and B,

Case A - Low Gain Trim Gimbal Plus RC Jets

Figure 4-2 shows a simplified block diagram of case A for a single
axis (pitch or yaw). In normal operation a single pair of RC jets
form a couple about each axis for attitude control., In the case of
a jet failure, or for extremely high angular accelerations (emergency
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hard over commands), a second palr of jets is available for control
torque on a timeshare basis about the Y and Z axes, and at any time
about X. This is accomplished by providing the additional dead

zone #2 as shown, and asppropriate jet logic. The additional modu-
lator also provides redundancy. Very low frequency attitude distur-
bances, such as c.g. offset, are compensated for by the trim gimbal ,

There are two possible types of trim drives; a servo drive and an
open loop constant speed motor. Since the former would be consider-
ably more complex, an effort was made to evaluate the simpler constant
S£eed motor. The results were good and are given in detail on page
2k,

The four modes of operation that the system is capsble of are obtain-
ed as follows:

Guidance M.de - The guidance mode is a fully sutomatic mode. Atti-
tude error signals are sent to the S & C Subsystem from the Navi-
gation and Guidance Subsystem or from the Backup Guidance Section.
The attitude error signal is passed through the limiter and combined
with the rate gyro damping signal as shown in figure 4-2, The
resultant signal then controls the firing of the reaction jets
through the logic and pulse generating circuits, This same signal
(attitude error and rate) operates the gimbel drive motor for suto-
matic trim when the descent engine is firing. The guidance mode
provides fully automatic attitude control capaebilities during all
phases of the mission except hover, landing and docking (manual
rendezvous is also being considered).

Attitude Hold Mode - In the Attitude Hold Mode, the pilot commands
an angular rate proporticnal to displacement of the attitude con-
troller. When the controller is in its neutral position, the
vehiecle will hold attitude,

As shownin figure 4-2, when the controller is out of detent, the
attitude loop is opened and the attitude synch. is in follow up.
The output of the attitude controller is compared to the rate gyro,
thereby providing a proportional rate command. When the controller
is retumed to detent, the rate command goes to zero and the atti-
tude loop is closed.

This mode is the primary attitude control mode during the docking
phase of the mission. It would also be used anytime the pilot wished
to reorient the vehicle during coasting flight.

Attitude Command Mode - This mode is & tentative one for possible
use during landing. In this mode the pilot commends attitude from
local vertical proportional to his attitude controller displacement.
That is, when the pilot "tilts" the control stick, the vehicle
tilts; when he lets go of the stick, the vehicle erects. This

mode can be used to translate during the hover and landing phase
and is mechanized in the pilot pitch and roll axes only (pilot yaw
remains in the Attitude Hold Mode). Note that control axes are
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referred to in the pilot-oriented (not body-axis) sense. A pro-
cedure for transleting while hovering would be:

1. Pilot yaws vehicle about the X-axis to line it up in the direc-
tion)he wants to translate. (Yaw and pitch in Attitude Hold
Mode

2. Pilot pitches forward ebout the Y-axis - linear acceleration
proportional to pitch angle which in turn is proportional to
pilot input. Roll and yaw on attitude hold.

3. Pilot centers control stick - vehicle erects and maintains
constant linear velocity. All three axes in attitude hold.
Establish rate of sink via throttle control.

4. Pilot pitches in opposite direction to reduce translational velo-

- eity, throttle to control rate of sink. RC jete may be used
for vernier control near ground.

Direct Attitude Mode - This mode would be used only in the case of
malfunction of the closed loop autcpilot., It provides the pilot
only with open loop type acceleration control and is therefore
selectable on an individual axis basis., The need for two types

of direct control is indicated; a minimum pulse control to provide
the precision necessary for docking, and an on-off type full thrust
control for rapid maneuvering (or unmaneuvering).

As indicated in figure 4-2, the on-off type of control is called
"dircct" and the minimum pulse control is called "pulse". Several
types of "pulse" control are under consideration a "one-shot" type
whereby one minimum impulse is commanded each time the attitude
controller detent switch is operated; a "repeated pulse" type which
comands repeated minimm impulses at a low frequency as long as

the stick is out of detent; and a "proportional” type which utilizes
the pot in the controller to command proportional pulse width (still
at a low frequency).

Jet Logic

Although the actual logic design has not been firmed as yet,
a set of logic ground rules has been established as a design guide.
They are as follovws:

1. The reaction control system will be assumed to be comprised
of 16 jets only.

2. The control logic shall be capable of commanding translation
along X, Y and Z simultaneously,.

3. The control logic shall be capable of ecommanding angular motions
about X, ¥ and Z simultaneously.

I, Capability should exist to use either 2 or 4 jets for transla-
tion along X, as required.

5. Four jets shall be available for torque about Y and Z during

normal (no malfunctions) operation.

6. In the event of a single vertical or horizontal Jjet failing open,
the failed jet and the adjacent vertical or horizontal jet,
respectively, in the same quad, will be isclated,
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T. In the event of a single vertical or horizontal jet failing
closed, the failed jet and the adjacent vertical or horizontal
Jet, respectively, in the same quad, may or may not be isolated.
Control logic shall be capable of handling either alternmative.

These ground rules are subject %o minor modification if logic com-
plexity warrants it. Figure 4-3 shows & view of the RC jet layout
with respect to the body axes. The reasons for selecting this lay-
out are given in appendix B, the main reason being the redundancy
obtalnable about each axis.

Thrust Controller

The thrust controller is a left-hand control device which contains
a poslition potentiometer in one axis only and a pair of detent
switches in each of three axes, The potentiometer is used for pro-
portional manual throttle control, as described earlier, and the
detent switches are used to fire the reaction jets for translation
control.

Attitude Controller

The attitude controller contains a position potentiometer and
a palr of detent switches in each axis, The potentiometer provides
proportional rate commands in the Attitude Hold Mode or proportion-
al attitude commands in the Attitude Command Mode in the pitch and
roll axes. The detent switches synchronize the attitude followup
function in the Attitude Hold Mode or command jet firings in the
direct Attitude Mode.

Trim Gimbal

The trim gimbal is driven by a constant speed motor, such as
a synchronous type. It acts like a very low gain {or very long
time constant) integrator which responds to low frequency c.g. motion.
Dead zone no., 3 in figure 4-2 provides a threshold below which the
drive motor is not actuated. Two parallel drive units are felt to
be necessary for redundancy. Detalls of the trim gimbal dynamics
are given in Appendix C. The following trim gimbal characteristics
are applicable:

Maximum gimbal displacement =+ 6,0 deg.
Maximm Gimbal rate = 0.2 deg/sec.
Gimbal resolution (dead zone), based on
5% RC jet usage for ¢.g. compensation = +1.5 milliradians
1.86 dgﬁ.)
Gear train ratio = 12 X 10* (assumes motor
speed of LOOO RFM)
Power required = 6,8 wattsAV.,27 watts
Maximum overshoot a 6,2 X 1077 radian

(.0035 deg.)
Drive mechanism weight ineluding elec-
tronics = 22 1bs. (for 2 units)
Gimbal ring weight = kO 1bs,
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Appendix D provides a describing function stability analysis of
the trim gimbal plus RC jet system. The importent conclusions
reached in the analysis are:

1. BSatisfactory stebility can be achieved with a simple constant
speed gimbal drive mechanism.

2. An acceptable range of equivalent motor time comstants is 0.05
sec. to 0.3 seconds, Although larger equivalent time constants
provide more relative stability, gimbal response times would be
degraded. .

3. A gimbal rate (&) of 0.2 deg/sec appears to be satisfactory
and is recommended.

k. Use of this trim scheme makes the use of omn-off control unde=-
sirable, Pulse modulation should be used with this type of
trim control. :

5. The trim servo can be operated with the trim relsy threshold
above or below the modulator deadzone, For the former case,
the attitude error can be maintained at a small steady state
off-set for a constant moment unbalance, Since the RCS is operat-
ing at moment unbalances below 5% of rated control torque, some
RCS propellant will be consumed. Considering the latter case
a zero average attitude error can be achieved for a constant
moment unbalance. A negligible amount of RCS propellant will
be consumed for this case. However, a mmch higher trim servo
duty cycle will result.

6. When gimbal rate is at steady state velue of 0.2 deg/sec gimbal
angle overshoot should be less than .02 degree when the gimbal
motor voltage is removed.

7. Assuming 500 ft-1b. initial c.g. unbalance moment, thrust vector
alignment at the start of powered descent must be within 1.15
deg (3e~) of the line passing through the true c.g. The gimbal
will then align within 6 seconds.

Modulator

The modulator shown in figure 4-2 is required to convert error
signals to ON-OFF pulses for actuating the RC Jets.

During normal attitude modes of operation (Guidance, Attitude
Hold, and Attitude Commaend), the reaction jets are controlled by
an error signal composad of a command signal from either the guidance
system or the pilot's attitude controller and feedback signals from
the positional and rate sensors. Because the reaction jets are
bistable devices and multi-functional with regard to vehicle control,
it is necessary to process the error signal before it can be applied
to the jets, This is the purpose of the pulse modulator and jet
select logic circuits. This section will discuss the several pulse
moduletion techniques: currently belng studied at GAEC and presents
some results obbtained to date.

> ON-OFF Modulation

The on-off modulator provides a constant amplitude whenever the
innut error signal 1s non-zero., This signal is sent through the
Jjet select loglec to generate vehicle torques such that the error
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signal 18 driven toward zero. The system has several advantages

such as 1) supplying maximm available control torque which minim-
izes system response time and 2) it is inherently a simple and re-
liable configuration, The main disadvantage is in it's limit cycle
performance., A comparison of the modulation techniques shownsa

that the ON-OFF modulator gives the largest duty cycles and largest
minimm rate change and therefore the poorest limit cycle performance.
The system performance is also very sensitive to gain changes.

ON-OFF (Induced Rate Feedback)

This system uses the same modulstion technique as discussed
above, except the input error signal conteins an additional compon-
ent proportional to the integral of the applied jet torque. Proper
adjustment of the relative magnitude of this component mekes it
possible to achieve impyoved limit cycle operation. Thus this
system maintains the torque capability and simplicity of the ox-off
system and provides in addition lower duty cycles and minimum rate
changes., A disadvantage of this technique is that the average
positional error imcreases when an external torque (such as main
engine thrust misaligmment torque) is spplied to the vehicle. A
study is presently being condueted to determine if the normal and
induced rate on-off systems can be used selectively throughout the
LFM mission phases so as to achieve high performance and reliability.

Pulse Ratio Modulator

The pulse ratio modulator provides a constant amplitude, varisble
width, variable frequency pulse train output with a duty eycle pro-
portional to the input error signal. The output is applied through
the Jet select logic such that the subsequent wvehicle resction jet
torque nulls the imput error signal. Since the vehicle essentially
integrates the applied reaction jet torques, i.e., it averages the
torque pulses, and since the modulator duty eyele is proportional
to the average applied torgue, the pulse ratio medulator will closely
approximate a linear gein. This gain is adjusted such that the
system positional errors during thrusting perliods are less than the
maximm allowable values, A possible disadventage of the pulse
ratio modulator is that for a linear gain, with a minimum pulse
width of 6 msec, the modulator will operate &t a maximm frequency
of 40 pps when a duty cycle of .5 is needed. The frequency may be
too high for the reaction jet system capability.

Pulse Width Modulaetor

The psrformance and operation of the pulse width modulator is
simllar to the pulse ratio modulator discussed above, In this system
the pulse amplitude and frequency is fixed, while the pulse width
is varied proportional to the error input signal. ©Studies on this
system have started and show promise of being as good as PR modula-
tion performance-wise with a simpler design.

The dynamic performance of the modulators is most critical during
the ascent phase and will therefore be discussed in more detail in
section 5.
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4.,2.2

Lunar Landing Simulation

Figure k-h shows a block diagram of a single axis of the lunar
landing simulation presently set up at GAEC. The simulator is capable
of a full six degrees of freedom with combined display and base
motion, Only the Attitude Hold Mode has been flown to date but
others are presently being programmed.

One significant result that has been obtained is that a single
pair of RC jets about each axis plus a trim gimbal have provided
satigfactory control effectiveness. More detailed results must
awalt data reduction and will be included in a subsequent report.
A description of the simulation itself is given in GAEC report No.
LED-570-1 "Detailed Presimulation Report for Phase A Lunar Hover
and Landing Simulation:, 4 March 1963,

Case B - High Gain Gimbal Plus RC Jets

Figure 4-5 shows a block diagrsm of this configuration. Modes of
operation, jet location, jet logic and modulation schemes for the
RC Jets are basically $she same as for case A, ¥he gimbal drive
requirements, however, are much more stringent, Details of the
gimbal drive are discussed in Appendix C. The important character-
isties are the following:

Mex displacement = 12 deg
Mex rate = 0.5 rad/sec (28.6 deg/sec)
Acceleration = 10 rad/sec® (573 de secg)
Accuracy = 0,02 deg
Gear train ratio
Power required = 1232 W peak
= 123 W average (assuming duty cycle - 10%)
Drive mechanism wt. = 42 lbs,

Gimbal ring weight = 40 lbs,

The gimbal rate was based on a requirement for at least 0.3 rad/sec
for control system stability. This was determined in a computer
study which will be described in section 4.3. The margin over 0.3
rad/sec must be limited since peak power increases to enormous
values as gimbal rate inereases. (see Appendix C)

The maximumm deflection angle was dﬁtemined by nominally setting
vehicle acceleration at 10 deg/sec™ with hover to touchdown inertias.
This is the minimm value for which the gimbal is at all worth
considering (roughly 1/2 the capebility of a pair of RC jets).
Redueing the deflection angle to 6 degrees, as in the case of the
trim gimbal, makes the control gimbal practically useless during
hover to touchdown.
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L.3

Comparison Between Case A and Case B

A comparison is made here between the two systems in question by
discussing analog computer responses, gimbal requirements, relia-
bility, and crew safety.

Analog Computer Study

Figure 4-6 shows a diagram of the computer simulation used to com-
pare the two systems, The study was confined to four in-plane degrees
of freedom; x and y vehicle translation, absolute vehicle rotation -
(#), and relative engine gimbal angle (8§). System response to atti-
tude commands were studied without adding c.g. offset. The trim
gimbal is therefore not included in the RC jet control system (Case
A). Stability with the trim gimbal present 1s treated separately
in Appendix D, For the gimbal plus RC jet control system (Case B)
the effect of c.g. offset 18 to impose a bias on the system.

It has been assumed that the gimbal engine actuator has the
characteristice of a simple electric motor, A torque is applied
to the gimbal engine that, at zero engine rotation velocity (8 =0)
is proportional to the engine error angle (&- S ). The maximum
avallable torque is equivalent to the maximm stalled motor torque
of the electric actuator. The "steady state" rotation velocity of
the unrestrained gimbal engine 1s proportional to the "steady state"
gimbal engine error angle. The maximum engline veloeity (é:max) is
equivalent to the maximum velocity of the electric actuator.

The following results were obtained from the study:

1. In the Case B system the RCS loop predominates when large
errors are present. When error approaches that value inher-
ent in the On-Off RCS limit cycle, the gimbal control loop
predominates and causes the steady state error to approach
zero. The RCS loop is, however, a simple On-Off system in
this simulation so thet limit cycle performance is not
optimum.

2. Stability considerations lead to the conclusion that it is
unnecessary to have high torque gimbal actuator cheracter-
istics. A moderate torque actuator, providing &5 pay of
3 rad/sec, with a lead-lag feedback network is adequate.
The power required to deliver the needed torque for a 3 rad/
sec2 acceleration is discussed in Appendix C.

3. Table 4-1 lists some response times under various conditions
for the two systems. (In addition, as a matter of interest,
some runs were made using gimbal control only. The results
for these runs were very poor.

It is seen that when main engine thrust (F) 1s at its maxi-
mum, the Case B system demonstrates considerable improvement
in response time, At one third maximum thrust, however,
which is the upper end of the hover-to-touchdown thrust range,
there is little or no difference between Case A time response
and Case B time response.

DATE 5/1‘4/63

GRUMMAN AIRCRAFT ENGINEERING CORPORATION



wrex3el( Yoeqpasd WajsAS [0IjU0D JUIISA 2IMONIIS PI3IY WIT *9-F aandrg

oasw 9 = DV JO OH ool = dm
oasuw ¢°g = DV U0 DY q
oesw g = Aejog DY w 00T = "™
%01 = SAH Av[ey 0¥ L 0c= Cm
0°1="19 W o 0l= @ .
. 1+—= HIOMION
. H _He ]
L70="2 W S1= ——— | p uonezmiqms
. v . )
6°0= mu = <M 09s/pei G'¢= '® ‘oIoym T+ apnIINyY
(s) v
—
| A
014D l o
o ~+|||me MMN+WM3| Lq/
> S
Nm mr..i.
ket - - 4 *
2 o g, g
[(s) y] oxkp oy T+—g 28+~ g JIOMION
¢__1% uoneziiqels
Vo v N<3 Lrewtid
g2 by
L ¢ J)
o) A ki
0 g o J e
2 - 4+ 2
s (©)=— (0 NOT | 8 5 | o 1+ (722 -
1 \ # SOTWBUA(Q W]
A . y uren I
oo o\ﬁ [(5)d] o914
jsnayf, INJCE | : -0
19407 | \0
nme I_ , u. Ml _H;I

‘ [01JU0D) UOTIOBOY m.o ‘



29

PAGE

pusumop opn3IIIy = %@ ‘3snayy, SUTSUWY UTEBH = 4 930N

SuoTyRTIIoSq uslaaatqd Po18a] 10N *
Q- 0N
ol =
piqziid Q joplasi
o D . . . g4 S 0 nope e
fa o FAN 2’1 %5 ot ¢/t ‘10| 3 n@mm@ 3
g °s8) % «m hitala mm ()
N@awj. = Qm n...m ~
e3R8l o
o1 ¢ '€ 81 0g° £6* g =3 ‘1=n| B Nmﬁ,m 51 &
cowo| gl gEE | £
uwda.m Q. N m
6 ) * 0°9 91 o’ ne* =X ‘€=D m '
g 9SB) N e
ug.,m ©
8 % 02 0T A 99° og* Aruo 1o | R el o
~uod TBqUTD| & i m)“ °] e
4+
ieles] w gl
) % A 02 S TT 9°€ 26" £Tuo Toig mw p ,m N
-uod TeqWID Mm & 0
Xewm | & Q @ L2
O - ] ‘. [ . h n q a g
9 o 9°2 81 2 on 92 qoww|GE T B
9 Ty £/1 nwam "
S ® 2°¢ 3T 01 g% 8¢ g asen |~ .m
= " ; -
K S * 0 2°¢ 2'T 1o 69 of v os8) I
P 2]
5 . il W o mw R
€ ) AN o€ AP 0°e 09 ATuo ToI3 wm o
~U0d TBAWTD |<° o Mw, =
Xely mmt w m.
z % 0°9 IKE T*1 0g* 96° (TeamiB| o @ °
® SOH)| e o =
m Ommo Q.Wu m
. . . . . - Akﬂlﬂg amv n+a
T ¢+ ¥ 0°L 0°f 0°1 9] 09 e P
=] o
15b1| ADBoAS @ gt 8 | & | c t (seaadaq) e
SIndu] dolg 03 Swogsikg [041UC) SPNITIIV g ©58) PUB Y 96B) JO £388] sOTBUY WOX] S3ITNE3Y DA13E1USEaIASYN

T-1 9TABL

REPORT [,ED-290-2
5/14/63

DATE

GRUMMAN AIRCRAFT ENGINEERING CORPORATION

ENG.73



NTTHT VI ITTS ot 3

Gimbal Requirements

A comparison of gimbal characteristics for the Case A and Case
B systems 1s as follows:

Parameter Cagse A Case B
Max deflection angle 6.0 deg 12.0 deg
Max rate 0.2 deg/sec 28.6 deg/sec
Max acceleration .035 deg/sec® 10 rad/sec
Peak Power 27 w 1232
Av Power 6.8 w 123 w

Gimbal Ring Weight Lo 1b 40 1lvbs.
Gimbal Drive Weight

(including redundant drive 22 1b. 42 1vs.

units and electronics)

It is seen that the control gimbal of Case B has three significant
disadvantages; (1) a lerge deflection angle is needed when c.g.
compensation and attitude control needs are summed, (2) extremely
large peak power is needed when large vehicle rates are commanded,
and (3) weight #s roughly 20 pounds greater for the control gimbal
drive mechanism,

Reliability and Crew Safety

Although reliability has not been investigated quantitatively
for the two systems in question, it 1s obvious that the Case A system
is more reliable from a complexity viewpoint, all other things being
equal. In order to verify this point, a reliability analysis will
be perfommed.

A point that must be considered related to crew safety is risk
involved-in using a high speed gimbal versus a very low speed trim
gimbal. In the latter case there is time to take corrective action
in the event of a run-sway gimbal. With the high speed gimbal the
time available for corrective action will be extremely small at best,.
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SECTION 5., ASCENT THRUST VECTOR CONTROL

Thrust Magnitude Control

As explained in Section 3 a constant main engine thrust level of
3500 lbs is used during the ascent phase, Reaction control jets are
also available far translation along the main engine axis (x-axis)
yielding either 200 or LOO 1bs of thrust, the latter being on an
emergency ar redundant basis., The following thrust levels are there-
fore available during ascent.

RC level = 200 lbs

RC level = LOO 1lbs

Main engine minus RC = 3300 lbe
Main engine minus RC = 3100 1bs
Main engine only = 3500 lbs
Main engine plus RC = 3500 lbs
Main engine plus RC = 3900 lbs

Selection of these levels will be done by direct switching. The main
engine is turned on and off automatically by either the primary or
back-up guidance systems. Manual override of the main engine will
also be provided for emergency situationsg,

During normsl manual operation in docking and in rendezvous the RC
jets are used,

Appendix F summarizes the preliminary ascent engine specifications.
An important problem area that remains to be resolved is the thrust
level accuracy that is attainable. The accuracy presently specified
is +10, 1% at the end of the duty cycle. This would preclude possi-
ble open loop velocity change commands from guidance, which may be re-
quired in the back up guidance system. Since the back-up guidance
system has not yet been established this problem can not be properly
pursued until a later date. A possible solution would be to tighten
thrust level predictability requirements rather than reducing thrust
variation,

Thrust Direction Control

Present plans are for thrust direction control (attitude control)
during ascent to be obtained solely by means of RC Jets. This ine
cludes normal maneuvers plus compensation for g.g. shift, etc., The
use of a gimballed engine was investigated briefly but was excluded
for the following reasons:

1. Size of the gimbal would be prohibitive in the ascent
stage.

2. The same RC jets that are used in descent are used during
ascent. The control torque available is therefore more
than ample since vehicle inertias are much lower. The
torque and torque impulse requirements given in Section
3 are well within the capability of the RC Jets alone.
The possibility also exists of using the RC Jets as an

unbalanced couple for c.g. compensation. This would
licate the jet logic, however,

. D=290-
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3. It is felt that a reasonable balarnce can be made between
fuel management techniques for limiting c.ge. travel, and
RC fuel required for c.g. offset compensation, so that
overall weight with and without a trim gimbal is not »
greatly different.

The last item is presently undergoing careful scrutiny in a general
weight distribution study.

The ascent thrust vectar control system will therefore be basisally
the same as that pictured in Figure L-l in Section L with the trim
gimbal loop deleted. For clarity the diagram is redrawn in Figure
S~1., The same modes of operation are available as in the descent
configuration, and the remaining partions of the system retain the
game characteristics with the exception of forward loop gain. At
least one gain change will be required over the final descent gain.

CONTROL DYNAMICS

There are five basic congsiderations that will determine the selection
of any reaction jet control system for the LEM vehicle. They are:

1. Duty Cycle (D) - ratio of the jet on time and limit
+ cycle period,

2. Resgidual Rate { A @ ) = rate at which vehicle drifts
during limit cycle operation.

3. Maximum Angle of Excursion (Qy) - maximum value of

attitude excursion about some neminal durlng limit
cycle operation,

4. Capabili®y to control large moment unbalances, and
resulting jet pulse frequency,

S. Transient Response.

‘Also of interest is the range of rate gain (Kg) which is interrelated
with the first four items sbove,

A computer study was made of the ascent autopllot to determine steady
state 1limit cycle response and response to a steady state disturbance
torque of 250 ft-lbs. The latter case is approximes tely the distur-
bance that results from a one inch c¢c,g. offset during ascent engine
thrusting periods, The four pulse modulator techniques described in
Section i were compared with these conditions imposed. Details of

the study are given in Appendix D, The important conclusions that
were reached are the following:

1. Both the PR modulator and the PW modulator can meet
the 1imit cycle residual rate rgquirements during
rendezvous and docking that A® € 0,5 deg/sec and
provide low values of D and om (see Table 5-1),

DATE
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2« The PR modulator appears to offer slightly better limit
. cycle performance throughout the mission. Both require
two gain changes during flight (additional analysis re=
quired on PWM to confirm this estimte).

3. Both modulators exhibit good large angle transient re-
gponse characteristics,

L. Both modulators effectively control large moment un-
balances. The attitude oscillations during limit cycle
about @pv will be smaller using PRM than PWM, However,
because of a significant deerease in RC jet specific im-
pulse at shorter pulse widthg, use of a pulse width modu=-
lator will reduce RCS propellant consumption during pow-
ered ascent by approximately 50 lbs (for a constant 250
1b~ft moment unbalance).

5. Use of Pulse Width modulation is tentatively recommended

for IEM flight control system, with PRM as the alternate
choice,

6. Analytical studies are in process to confirm that a PW
modulator frequency change need not be made during flight.

In addition to the above study, a preliminary s tudy of the fuel slosh
problem during ascent has been made. The results of this study are .
. given in appendix F and are briefly summarized as follows:

l, Fuel slosh coupling with FCS dynamics is significant
but stable,

2, Baffles are more effective than bladders in the ascent
stage fuel tanks for reducing slosh effects,

3. The time response of the gystem to a step command is
that of a well damped rigid body mode with a lightly
damped, smell amplitude slosh mode superimposed on it,

CONTROL ACCURACY

Control accuracy during ascent has been tentatively established at
+ 0.2 degree during ascents The reason for relaxing from + 0.1 deg
Is that if 0.1 deg is used the control loop may require mare complex
compensation ne tworks in the presence of large steady state distur-
bances due to c.g. shift. It is questionable however, whether this
error can be allowed from a guidance viewpoint. If further investi-
gation deems it necessary the requirement may have to be tightened
to + 0.1 deg.

PATE 1), May 1963
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Another consideration here is that the actual thrust direction may
be misaligned by ag much as 0.5 deg relative to the engime reference

liney or x-axis of the vehicle., It is considered a guidance function
to sense undesired cross axis accelerations due to this misalignment

and provide corrective attituwle commands to compensate for it.

DOCKING SIMULATION

A docking gimulation wss performed at NAA, Columbus using the system
representation shown in Figure 5-2, The simulator provided a full

6 degrees of freedom by means of a visual display. The cockpit was
fixed based. The simulation and its results will be described in de-
tail in a farthcoming report. Some of the early results are as follows:

1, A desirable system rate response time is 0.2 seconds.

2. Direct on-off attitude control is very undesirable for
manual control whereas direct minimum impulse is satis-
factory.

3, Direct on-off translation control is satisfactory for
manual docking.

L. Docking maneuvers were performed satisfactorily with
RC jet failures snd with open rate and position feed
back loops (i.e., both open together)., The pilot could
not compensate for an open rate loop only for any ex-
tended time period.

5. Docking can be performed by using only visual cues.

6. A trapeze docking device is preferred by pilots in
malfunction situations.

Further data reduction is needed to determine such items as the rela-
tion between translational and rotational motion.

L SO TR
DATE 1) May 1963
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SECTION 6, ABORT CONSIDERATIONS

This section will not be available until a subsequent version of the
thrust vector report is released., A brief statement on abort re-
straints to the FCS is given in Section 3,
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SECTION 7. CONCLUSIONS AND RECOMMENDATI ONS

The primery conclusion that is reached in this report is that
Reaction Control Jets working in conjunction with a very slow rate
trim gimbal will meet the thrust vector control requirements during
the descent phase of the mission, The important reasons that sup=-
port this conclusion are the followings

1. A single pair of RC jets will meet the control torque
requirements for a normal migssion if a slow rate trim
gimbal is used for c.g. trim,

2. The only time that large attitude maneuvers are needed
while thrusting is during hover to landing. This is the
time when the gimbal is least effective since thrust is
close to minimum, o conversely very large gimbal angles
would be needed to make the gimbal effective,

3. A maximum of 6 degrees deflection is considered practical.,
An estimated 3.5 to L.5 degrees is needed for c.g. trim.
This leaves very little for attitude control torque
augmentation, .

i« RC control torque can be doubled for possible "hard over™"
terrain avoidance maneuvers ar abort maneuvers by employing
the redundant pair of jets that is available about any one
axis at a time,

5. The high rate gimbal actuator is 20 pounds heavier than
the trim gimbal and requires 45 times as much peak power
(1200 watts vs. 7 watts), and roughly 18 times as much
average power.

6. Although a quantitative reliabtility analysis has not been
completed, the high rate gimbdl is more complex since it
needs servo loop electronics. The trim actuator is a
simple on-off device and is therefore mare reliable.

7. The possibility of a run away gimbal presents a much
greater crew safety hazard with the high speed gimbal
(20 deg/sec) than the low speed trim gimbal (.2 deg/sec).

For these reasons the system designated as case A in Section L is
recormended for the LEM vehicle.

It was also concluded that hover to touchdown maneuvers and abort
maneuvers are the primary factors that determine the maximum torque
required for thrust direction control.

During ascent the preliminary conciusion is that the RC jJets can pro-
vide the thrust direction control requirements, provided a gain change
is made.
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SECTION 8, FUTURE WORK

The following areas will be investigated and will be discussed in the
rext thrust vector control repart:

Optimization of control dynamics.

Detailed designs of RC jet logic, throttle serve, gimbal
drive unit and RCS modulator,

Interface with N & @ as well as other sibsystems,
Requiremen ts for automatic landing.

Descent slosh dynamics,

Main englne flexure modes,

Abort aspects of thrust vector controls.

Detailed results of simulation programs.

Control and display aspects of thrust wvector control.

Recheck Flight Control design for a 28,000 lb, vehicle and
its corresponding inertias,

In addition, it is hoped that many of the areas that are preliminary in
this report will be fimmed.

Y DATE 5/]_&/63
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APPENDIX A

MISSION FROFIIE

Tables A-1 and A-2 provide the detailed FCS requirements and se-
quence of events in terms of a nominal mission profile. It is empha-
sized that this pmrofile is very preliminary and subject to change. The
purpose of presenting it is to offer a typical operational profile far
the FCS. The present nominal mission includes an 80n.mi circular orbit,
in which the CSM remains from separation wntil docking. The mission pro-
file pictured in the table, starts at t = O-at separation. Except for
the flare and hover phases, a constant thrust of 8800 lbs. was assumed
for the nominal descent trajectories.

Descent: The LEM separates 100 ft, from the CSM within 78 sec.
The vehicle is given an initial Av of 1.3 fps in the negative x di-
rection and is then allowed to cosst for an additional 94 ft. A Av
of 1.3 fps is then applied in the positive x-direction. At the termina-
tion of this phase the IEM is 100 ft. displaced from the CSM and is trav-
eling at a zero relative velocity inam 80 n.mi circular arbit.. In order
to align the thrust axis (x axis) to the local vertical, a 90° negative
pitch command is given. Both separation and pitch is achieved within 2
min. The astronsuts are now alloted 8 min for necessary checkout mroce-
dures before injecting into synchronous orbit. Pulsing the reaction
Jets will be necessary to maintain the x axis along the local vertical,
Separation was achieved with two reaction jets (100 1b. of thrust per
jet) as was the pitch maneuver.

Various preliminary computer studies were conducted for several
synchronous orbits using circular orbital altitudes and pericynthian
altitudes as parameters. For a CSM orbital altitude of 50,000 ft the

A v required for injection into synchronous orbit is 375 fps.

The burning time for injection is approxime tely 0..466 minutes,
During this time the orientation of the thrust axis is changed by L°
to attain the proper thrust directioh,

At the present time there is a trade-off study of synchronous
orbit vs. fully powered descent. The biggest draw-back for fully
powered descent geems to be the low circular orbital altitudes that
will be necessary in order not to exceed the Av requirement. A
nominal altitude far this condition turns out to be approximately
4O nemi. This will place an additional requirement on the CSM plus
it will add a tighter launch window requirement. The main disadvan-
tages of the synchronous orbit approach 1s a longer flight time and
an unfavarable 1EM lead angle (assuming injection on down-side of
synchronous ortdt and initiation of powered desecent at pericynthian).
The nominal missions listed in Table #A-l uses the synchronous orbit
type of descent. The nominal mission presently considered does not
include one complete cosst in synchronous orbit. However, in view of the
fact that the mission profile is still open to changes, the attitude com~
straints during one complete coast in synchronous orbit was also consid-
ered., Injection into synch. orbit occurs at point (1) (refer to synchro-
nous orbit diegrem in table #A-1), at point (2) the vehicle requires an
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approximate pitch of 95° to align the 3 axis with the local vertical
and the thrust axis opposite the flight path. Before point (3) is
reached there will be five land mark sitings of & duration of S min-
utes per siting. Minimm limit cycling is required during sitings.
Pulsing of the RC jets will be required to maintain the z axis aelong
the local vertical. At point (3), the situation arises which requires
a maneuver to protect the LEM windows ( Zy, ) from facing either the
sun or lunar reflections. The following is the necessary sequence of
events to satisfy the sun constraint and at the same time avoid ginbal
locks First roll by 90 . While IEM is traveling from point (3) to
point (L) it will rotate through 180° w/r to inertial spsce but remains
in the same attitude w/r to the lunar local vertical. This can be
achieved by a single coupled pulse, about 2; that will provide 180°
rotation in approximately 60 minutes. From point (i) to point (5) the
vehicle will maintain itas positions w/r to inertial space for sighting
on two stars for updating the IMU, During this observation time (10
min.) minimma limit cycling will be required. During this geriod LEM
will pass through a lunar central angle of approximstely 31°. After
the ITMU has been updated, 1EM must be reorisnted to observe two lsnd-
marks, for updating the synchronous orbit. Again to avoid gimbal lock
1t is necessary to first roll and then pitch -90° and +31° respectively.
From the start of synchronomus arbit updating to initiation of powered
descent @peri, the vehicle's attitude w/r to the local vertical can be
maintained by a single coupled pulse about Y. Before initiation of
powered descent an additional L.5- negative pitch is required. At
point (6) IEM is at pericynthian in its proper orientation to initiate
powered descent.,

The phase lead of LEM w/r to the CSM (at pericynthian) makes this
point unfavorable for starting powered descent. There are a few studies
which are presently being conducted to eliminate this phase problem. Two
of the trade-offs presently under consideration are initiating powered
descent before pericynthian and injection into svnchronous orbit on the
up silde rather than the down side,

For the first 320 sec of powered descent the thrust is kept con-
stant and the altitude drops from 50,000 ft. down to approxime tely
2,000 ft. In the mext 36 sec a flare maneuver is performed in which
the thrust variations is approximately 5:l., The IEM now starts its
hover phase fram an altitude of 1000 ft. Essentially 1EM will be belly
down 2ll the way to hover. Hover to touchdown should be completed in
approximately 120 sec. During this time it might be required to roll
as much as 180° s for proper radar coverage priar to lift-off.

Ascent: Table #A-2 provides similar information for ascent as did
the previous table for descent. Far the first 17.L4 sec the thrust vector
is vertical. A roll of + 90° might be required for full radar coverage.
Presently there are studies being made to increase the radar coverage
and in turm eliminate the roll maneuvers necessary to satisfy the present
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radar restraint, IEM is then pitched at a constant rate of 1.02 deg/sec
for B85.6 sec, The attitude w/r to the local harizontal then main-
tained for the remaining burming period (approximately 253 sec). Hohmamn
transfer is achieved immediately after burnout (356 sec from launch).

If a 50,000 ft parking orbit is desired, burnout will occur between 350-
356 sec from launch,

During the entire transfer it is desired to have the LOS aligned
with the z axis at all times, Minimum limit cycles will be required.
At the start of Hohmann, a rate command of S deg/sec will achieve the
necessary attitude after 13.6 sec. The remainder of the transfer orbit
will require a few coupled pulses in order to meintain the z axis align-
ment with the LOS.

Trade-off studies are being made to0 determine an optimum range to
start rendezvous. The ranges under consideration are 10, 30 and 20 n.mi.
It seems that 20 n.mi is optimum from a radar standpoint. Rendezvous,
as presently planned, will be accomplished through the use of reaction
jets only, The jets will be used to reduce the relative range and clog-
ing velocity to less than 500 ft. and 3 fps, respectively. The IEM z and

X axes are subject to a number of attitude constraints during this mis
sion phase:

l, 2 axis constraints:
a. continuous aligmment with 10S to CM,

b. inertizlly fixed w/r to stars to facilitate a msnuale
visual rendegvous,

2. x axis must be normal to the LOS angular rate vector in
order to null this rate by using only x axis reaction jets,.

At this time not much can be said for docking for much of the con-
straints will be determined from simulation data. However, one major
constraint that is presently being considered is to require a minimum
impulse as low as 0.2 lb-gec/per Jet,
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ENG.73

APPENDIX B - RC JET LOCATION AND LOGIC

REACTION JET LOCATION

The reaction jet arrangement shown in Fig. B-1 made up of sixteen 100
1b. thrusters has been selected because it offers complete redundancy, is

least vulnerable to damage, and has good conhtrol response for all modes of
operation.

The arrangement presented in the LIM proposal (Fig. 1) positioned the
sixteen (16) thrusters in four groups (or quads) of four each oriented along
the principal axes. However, since the forward docking hatch also lies on
a principal area, and because of the proximity of the LEM windows, the four
thrusters in this area cannot be designed as a single unit and must be
separated, FProblems associated with this arrangement are:

1) Complex line runs around pressure cabin in aree of windows.
Possible thrust degradation of the one remote thruster.

2) Thorusters under docking hatch extremely vulnerable to possible
damage during docking operation.

3) Rocket exhaust near window area.
4) DNozzles extend below.ascent stage separation plane.

The revised configuration (Fig. B-1) rotates the thruster groups 45°
about the roll axis but keeps their orientation along the principal axes.
This configuration removes the thrusters from the area of the windows and
the forward docking hatch and permits the design of four identical quads.
These units c¢an all be located well above the separation plane and will
also permit removal of the length of the forward docking hatch that wes
provided for nozzle clearance. Also, further studies as to the feasibility
of & modular type system will now be possible,.

Propellant Requirements and System Performance

A comparison of propellant requirements between present and revised
thruster locations has been made on a common set of ground rules. The
general ground rules are listed in Table B-1l. A summery of propellant
requirements is tabulated in Tsble B-2. A camparison is given in Table
B-3 for the variaus types of operations, e.g. limit cycle, maneuvers, etec.
As can be seen, an additional 1T# of propellant are required for the new
orientation. This represents about a 5% penalty.

In comparing system performance, certain advantages are obvious with
the revised loecation of thrusters. Minimm impulse bit control (limit
cycle) is improved because of the shorter moment arms, In spite of the
shorter moment arms, higher control torques about each of the axes are also
available if desired, by firing two paimrather than one in any given direc-
tion. For a one quad failure mode of operation, complete rotational control
1s still attainable with the revised configuration, since couples are still
available. Translational performance for either configuration is identical.
In Table B-4 are listed the advantages and disadvantages of the 450 mounting
of Jets.
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FIGURE B-1 - REACTION JET THRUSTER ARRANGEMENT

ROTATION

Pitch Up About Y-Y

Piteh Down About Y-Y

Yaw Right About 7Z-2

Yaw left About Z-Z

Roll CW About X-X

Roll CCW About X-X

THRUSTERS
USED

2, 50r 9, 1k
2, 5+09, 1k

1, 6 or 10, 13
1, 6 + 10, 13
1, 14 or 5, 10
1, 14 + 5, 10
2, 13 or 6, 9
2, 13+ 6, 9
8, 16 or 3, 11
8, 16 + 3, 11

7, 15 or 4, 12
7, 15 + 4, 12

G ONFEN

THRUSTERS
TRANSLATION USED
+ Along 72-2 T, 11
- Along Z-Z 3, 15
+ Along Y-Y 12, 16
- Along Y-Y L, 8
+ Along X-X 2, 10 or 6, 1k
2, 10 + 6, 1k
- Along X-X i, 9 or 5, 13
1, 9+5, 13
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10.

TABLE B-l - GENERAL GROUND RULES FOR

PROPELLANT REQUIREMENT COMPARISON *

Minimm impulse bit = .6 1b, sec. (each jet).

Maneuvers performed by accelerating for half time and decelerating for
half time.

Is. = 300 sec. (continuous) or 260 sec. (pulsing).

D

3500 in-~lb, moment unbalance eontinuous about pitch and yaw for
complete powered ascent phace.

30 sec. translation prioxr to touchdownm,
V = 330 ft/sec. fram rendezvous to docking (translation).
Steady-state thrust equal to 100# (each Jet).

A1l moment arms equal to 6.67 ft. for orthogonal mounting, Pitch and

yaw moment arms equal to 5,5 ft. and roll moment axms equal to 5.0 ft.
for 45° mounting.

All operations performed assumed pairs of Jets operating.

Limit cycle times were camputed neglecting control system parameters
(longest limit cycle periods attainable).

* Specific ground rules are tabulated under remsrks on swmery sheet.
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TABLE B-3 - PROPELLART COMPARTISON

Operation Orthogonal Mounting 45° Mounting
Limit Cyeling 25.33 19.93
Maneuvers 15.79 17.84
Translations 152.33 152,33
Moment Unbalsnces 96.08 116.50
Miscellaneous 8.00 8.00
TOPAL 297.53 ' 314.60

Or Approximately 298.00 315.00

~OONEBEN T T
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TABLE B-4 - 45 NOUNTING OF REACTION CONTROL JETS

Advantages¥®* Disadvantages®*
1. Eliminates split quad in fromt. 1. Bequires a smmll increase in pro-
a. Bemoves thrusters from window pellant (about 5%).
aree and ascent seperation
plane. 2. 20% less torguing ability.

b. Removes exhaust plumew~pilot
visibility interaction.

¢. Permits feasibility of indiv-
dual modules.

2. TImproves minimm impulse bit con-
trol (shorter mament arms).

3. During powered ascent can provide
torquing corrections for as mmch
as a T7.54" C.G. shift as compared
to 4.57" for orthogonal mounting.

L., During powered ascent can provide
torquing correctiona, during s one
quad fajlure mode, for as much as
a 3.T7" C.G. shift as compared to
2.29" for orthogonal mounting.

5. Allows complete rotational control
during a one quad failure mode.

* Compsxred to orthogonal mounting.
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RNEBENT o 53

Z-AXIS THRUSTERS

Since no firm requirement has been established for additional Z-Axis
thrusters, they are not presently planned.

The idea of adding two (2) additional thrusters alomg the Z-axis evolved
from the desirability of meintaining contimual Z axis LOS with the CSM during
rendezvous. If a Z-axis thruster failed, swvitehing to the additiomal pair
would allow maintaining the spaceeraft orientation, without a propellant
penalty, while the closing maneuver was being performed. However, a Z-axis
thruster is not the only type of fajlure that can occur. A dladder failure
in one of the RCS propellant tanks for example would require implementing
at least a portion of the closing velocity along the X-axis to insure cover-
ing the tank discharge port and thereby not lose the use of this propellant.
The final closing velocity maneuver, say from one (1) nauticel mile awmy
can then be performed along the Z.axis since sufficient propellant can be
insured fram the dual tank at this point.

If these thrusters are required, they can be implemented at a later
date sinece they will be identieal to those now being considered.

perort  LED-290-2
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APPENDIX C - GIMBAL CQMSIDFRATIONS

TRIM GIMBAL

Sinece the c.g. of the vehiele is not fixed, a trimming of the descent
engine thrust veector so that it alwsys travels through the c¢.g. must be imple-
mented. This can be accomplished by rotating the engine which is mounted in
a tvo-axls gimbal at a rate that will eampensate for e.g. travel and position-
ing the gimbal such that the steady-state loading on the Reaction Control
Subsystem due t0 e.g. shift is no more than 5% of total torquing capability.

Since the rate of such s system is so low, an open loop control system
can be used. The system (See Fig. C-1A) consists of a phase sensitive relay
amplifier that drives an induction metor. The motor driving through & gear
train that includes a lead screw will position the gimbal to amn accuraey
equal to the threshold of the relay amplifier. Mamual trim will be availsble.

CONTROL SYSTEM

A simplified block diagrem is shown in Fig. C-1 and the following equa-
tions define the system response. The summary of torgues is,

Lc+Ld=Jgé

where L, = control torque

Ly = disturbance torques
Jg = gimbal and engine inertia
§ = gimbal angle
From the block diagram,
T o= JoH.Se
¢ [ s+1)
s _ Sonk + 1 (Thsw)

It must he remembered that this system operates in parallel with the RCS
control loop. The response of the integrated system is discussed in Section
b . A preliminary stability analysis is discussed in Appendix D.

GIMBAL DISPLACENENT

The trim gimbal travel limits have been set to ! 6° based on predicted
c.g. shift. Although the actual c.g. history is expected to be such that no
more than } 4O of gimbal angle will be requived, a margin of 50% was added to
preclude any future difficulties. If later studies show that less angle is
required the gimbal stop limits ecan be ehanged. Although the gimbal control
system will meet design reliability, it would be desiralle to limit gimbal
angle sueh that a rupaway can be overpowered by R.C.S.
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Figure C-1B. Trim Gimbal Control
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GIMBAL RATE

Preliminary studies of probable e.g. histories indicate that a gimbal
rate of 0.2°/sec. is more than adequate. Although the studies show that
0.1°%/sec. is required, the uncertainty of c.g. motion which is largely due
to fuel flow dictate a 0.2°/sec. rate. The higher rate will allov for &
lighter motor duty cycle meking for greater reliability. This rate is also
canpatible with the required accuracy.

TRIM GIMBAL RESOLUTION

The trim gimbal positioning resolution has been determined on the basis
of limited sharing of RCS power for c.g. mission. In order to limit bias to
less than 5% of total Reaction jet power, the pogitioning resolution must be
¥ 1.5 millirvadians as shown in Pig. C-2. The preliminary stablility analysis
shown that the system can be stable with a dead band as low as 04O, Al-
though studies will take into account non-lineerities and random disturbances,
W0 positioning problems are antieipated.

APPLIED LOADS

The model shown in Fig. C-3 is used to establish the torque requirement
for the gimbal drive.

3

F = rocket thrust = 1050 - 10,500#

gimbal angulay displacement

i

[
i

. = (engine inertia) = 70 Slug-ft.<

el
]

. £4-1b
g = Fuel line restraining constant = 250 =1

Coulamb frietion (bearings) = 8 ft-1b.

H R
it ]

Thrust misaligmment = 100 fi-1b

(max]

The torque summation is:

L=De+Lp+Lg+Lp =358
Le =Jdr f 250 f100+8
The maximm value of restreining torque is:

L = 250.-§—§——2 = 26.4 ft-1b.
57.3)

The power required for the systems is given by:

pn -2 [(1e + 1+ 1e)§ + 3 $S)
If overall efficiency is 10%;

P=10 (100 + 8 + 26.4)(.0035) + 70 (.035)(.0035) = 6.8 watts

DATE 5-1&—63
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Although the steady state axial loading is approximately 134k pounds,

the peak loading can be 3 times this much due to dynamic loasding and

column flexure, The column flexure loading is the result of increas-
ed friction at the close tolerance lead screw threads and the dynamic
loading is the force applied due to changes in the kinetic energy of

the engine (thrust level fluctuation). For the above stated reasons

the pesk power is estimated to be approximately 27 watts,

OVERSHOOT

The overshoot can be approximated by assuming braking capsbilities,
Kinetic energy of motor and gear train.

J -3 +nT, = 7.5x 10 S1ug-t.2

(K.E.) 130° <=1 ( 10“6) [(uooo) 2 .]2 = ,655 ft-lb-rad

o.mcec\)"‘a T.SX 36 -.55 -"ra.

Kinetic Energy of gimbal and engine

(K.E.)e = 1 (70)(.0035)% = L.k x 107 ft-lb-rad. (neglect)
Assume 25% braking power

= (.25) K.E.

W,
m
3 N mem = (K'E')m

L

= 'II\{TEL- , assuming 25% efficiency in screw

R L .2
512 x 107) T(2.23 x 10-2

§ = 6.2 %10 0 rad. (overshoot)

=SSN oate oligy
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Mechanization

Although a detailed design analysis is required in order to deter-
mine the actuator configuration some general remarks can be made about
mechanization at this time (see Fig. C-4). The weight of each actuator
is estimated to be 9., The control electronics which is redundant
for each actuator should weigh about 4 pounds per axis.

Motor redundancy can be achieved by driving through a planetary gear
train, TIurther, if back lash is & problem, the brakes can have a minimum
energy setting so thet the gear train is always preloaded. In this case
4 motors will be required per actuator, Two reversing motors can ac-
complish the same general effect except that certain types of motor fail-
ures will lead to back laesh in the train., The lead screw can be irrever-
sable @ the expense of power., On the other hand, a ball screw would re-
gquire a higher energy braske, With a low power system such as this, an
acme thread will probably be used. Some of the mechanical parameters are
estimated, If the mptor & speed is assumed to be 4000 rpm, the gear
ratio (N) is.12 X 10 rad/red.

Indicators
Since it appears desirable to have a gimbal angle 1ndication in the

crew compartment, a position indicator can be driven by the actuator
gearing to yield a signal to the instrument,

Manual Input

Manual trim inputs will be implemented for initial setting and
manual override,

C-2 Attitude Control Gimbal

Because of the response and accuracy requirements of an attitude
control gimbal, the control must be a feedback system with a constant
speed motor driving the gimbal thru a clutch, The clutch is required
since the system time constant must be short (T’:O.3). If an attitude
gimbal is to be used, it will work in conjunction with the R.C. Sub-
system. Its input would be in parallel with the RCC input and be con-
figured as shown in Figure C-4.

Control Loop

The control loop block diagram is essentially that shown in Figure
Cc-k,
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The gimbal displacement is

¢ (_m5+ ( Jg(c‘*JéSA <LD>
3= Fr - ,éggﬂ)(%)(ws)
- KN Se +(Tms1) iy
" Te ST (Ton S * K N(K+ K S)

= JeTm [KC-N Qc +(/Cm<“'/> I-Dj

KNK
¢ +Tn 9%+ .,%m 3 T

The analysis for this system is discussed in Appendix D. The
analysis indicates that the gimbal rate must be greater than 0.3 rad/sec.
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Figure C-4. Attitude Gimbal Control System
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Applied Loads

nxeappliedloadsmupproximbelythesemasforthetrm
gimbal so far as the disturbances are concerned. The difference are
in the restraining torque and the inertial torque.

The torque equation is:

Le + Lg + Lp + Lp = Jg

The synbols are defined in the trim gimbal section.
8

Lg = 250 (37.3) = 35.0 £t.-1b.
Lf = 8 fto"l-bo
Ly = 100 ft.-lb.
Power Requirements )

The power required for a gimbal with 0= 0.5 rad/sec. and
§ = 5.0 rad/sec.z 1s,
Poa = 7 (108 + 35) (0.5) + 70 (5) (0.5)]
if 7] = 20% (use ball screw actuator)
Py = 5 (s + 175)» = 1,232 watts

Giobal Rate Analysis

Deriwation of ion for gimbal rate
gé\‘g. For +he vehnicles
T frwdt = (7.8 d+
r o .
B The +0Yq\46 L(‘t‘)=g‘:rg(t§ dt
_l- _Thruat Applioa+{oﬂ
F

Where §(t) 15 the gisbel rate. If we assume a glubal velocity pro-
file as shovn in Figwre £ -§ ,
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) ° -
\ ts o F\g.c-f Qimba\ RO\"& Profi\&

_tf .t L)y oL A
[( - Ta - (1'{-:/ > A( [> /l - i ) \\L L) +<\ ¢ ) A(\t'tg)J
Ti w0 v '[:; 2, T
Y/ ,
§» <d [(\_, t’r u(ﬂ (\,e 1>\A'\t—t.\) o —]
where | is the actuator time constant
The torque forha.lfacycle (fromo‘t £t) s
T t/) (t -t ) (

L\ﬂ) = F”L NORRERIPIER ¢ —§f (lr—: ! )_ < ST

-t St i
Ll Es [eTe ) e (el )
The impulse for the same period 1s
. . ta _t t 2 - 1) '
I - 56 = ret L6 T (erTe /T)di( -, (£ 7 ) ae)

‘(% —Tie_(i"?

g = gilmbal angle rate (maximm)
min engine thrust

e
]

inertia of the vehicle

o <
]

= 3 the desired vehicle final rate for a given
glmbal excursion and return to mill.
tz = half time for total maneuver.

r = d,g. travel along the x-axis of the vehicle

g e e i les
DATE 5/1&/63

GRUMMAN AIRCRAFT ENGINEERING CORPORATION



In we assume that higher order terms are small, the gquation becomes:
. 27,8 . _ O
§_——-1—-1 )9--—-—0-
Fa t, £
Where is the desired vehicle rate, . The equation is plotted in

Figure C-6, A mean operating maximm of §° = 0.5 rad/sec has been chosen
for this design,

Gimbal Displacement

Gimbal displacement as a fraction of vehicle acceleration and descent
engine thrust is shown in Figure C-7. For the gimbal control to be at all
worthwhile it shguld be capable of providing vehicle acceleration of at
le@st 10 deg/sec” with a hover to landing vehicle inertia of 6000 slug -
t7. This means a gimbal displacement of about 1.5 degrees at full thrust.
However, during hover to landing operations the thrust level will be more
like 2000 1lbs,, im which case gimbal deflection must be 8 degrees. To
this approximately 4 degrees must be added for c,g. compensation making
the total deflection 12 degrees,

Gimbal Accuracy

The steady state positioning accuracy of this gimbal must be an order
of magnitude better than 0,1 degrees which is the nominal vectoring ac-
curacy for thrust. The accuracy has been selected on the basis of steady-
state bias on the reaction control power time sharing to be 2 miliradians,

Mechanization

In order to achieve the low time constant, the actuator must have a
constantly running motor with a controlled clutch output. Since an at-
titude gimbal requires high positioning accuracy, very little backlash is
a requirement, The use of two clutch drives, one for each direction, will
eliminate this problem.(see figure C-8)., A double nut on the lead screw,
be 1t ball-screw or acme thread, should bring the backlash to acceptable
limits. The actuator will consist of 2 motor-generators (generator used
for rate F.B.), a position feedback transducer, 4 clutches, a lead screw
and all the associated gearing., This unit would be similar to the unit
used on the service module gimbal drive, In the event of failure, the
alternate drive system must be energized. The actuator assembly is esti-
mated to weigh 18 pounds and the associated electronics are estimated to
weigh 8 pounds per actuator, Gimbal angle will be displayed in the cock-
pit.
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APPENDIX D
Trim Gimbal Dynamics

This appendix will be submitted separately as an addendum in order
to prevent delay to the report.
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APPENDIX E - RC JET CHARACTERISTICS

The following curves summarize the performance dats
currently available and of interest to various personnel for
the Marquardt radistion cooled 100 lb, thruster,

Fig. 1 Vacuum Steady State Specifie Impulse vs. Mixture Ratio
Fig, 2 Vacuum Specific Impulse vs, Flectrical Pulse Width

Fig., 3 Vacuum Total Impulse vs., Electrical Pulse Width

Table I presents electrical characteristics and performance
data for the injector mounted two coil solenoid provellant
control valves.

In sddition to the above information there are attached,
copies of four figures illustrating thruster performance taken
from the Marquardt "Apollo Reaction Control Rocket Engine
Status Report" dated 22 Februsry 1963, These figures augment
or are the basis for information contained in Figures 1, 2 and
3. As additional information is received from Marquardt, it
will be transmitted in the form of addendums to this memo.

Any additionsl information required st this time should be
requested from the authors.,
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TABLE I

Electrical characteristics of the two coil solenoid
propellant valve used with Marquardt 100 1b. thruster.

AUTOMATIC COIL

1. Resistance 1h.1 OHMS
2. Inductance 29 Millihenrys (closed), 25 (open)
3. Current at which 1,00 samps at 30 volts d,.c,
Poppet starts to 0.96 amps at 24 volts d.c,.
move
4. Namber of turns 590

S. Coeff, of coupling 0.81 @ 100 cos

EMERGENCY COIL

1. Resistance 6L.1y ouMs
2. Inductance 225 Millihenrys (closed)
3. Current at which

Poppet starts to

move 0031 smps (calculated)
4. Number of turns 1820
S. Coeff. of coupling 0.92 @ 100 cps

WETGHT A 0.86 1b,
STROKE 0.021 in,
AUTOMATIC COIL CURRENT 2.0 amps max, @ 28v
EMERGENCY COIL CURRENT 0.5 amps max. @ 32v

NOMINRAL RESPONSE

Full opening from signal 0,010 sec.
Full closing from signal 0,005 sec.
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APPENDIX F

PRELIMINARY INVESTIGATION OF DYNAMIC COUFPLING OF PROPELLANT
SLOSHING WITH THE ATTITUDE CONTROL SYSTEM FOR LEM ASCENT STAGE

Reference: 1., "Sloshing of Liquids in Circular Canals and Spherical
Tanks", B, Budiansky; Jowrnal of the Aerospace Sciences,
Vol. 27, No, 3, March 1960.

é. "Approximate Transfer Functions for Flexible-Booster-

and Autopilot Analysis", WADD Report TR-61-93; D, R,
Lukens, A, F, Schmitt, G. T. Broucek; April 1961,

Introduction

A preliminary analysis has been conducted to estimate the dynamic
stability of the coupled propellant sloshing-asttitude control system
oscillatory modes for the ascent stage. Existence of marginal or un-
stable propellant sloshing modes will impose significant design require-
ments upon the propulsion tankage and flight control subsystems, Use
of bladders in the main propulsion tanks excludes the use of anti-slosh
baffles and therefore may require the addition of sensors and complex
filters in the stabilization and control subsystem to obtain improved
vehicle stability.

Fluid Damping

A key parameter in stabilizing the coupled sloshing modes 1s demp-
ing of the fluid caused by the internal configuration of the propellant.
tank., The damping provided by a smooth-wall spherical tank of LEM dia-
meters to the propellant used is negligible (g"/‘f": = 0,0025 )%,

In order to estimate the damping produced by a bladder, a review
of available test data on bladders in spherical tanks has been conduct-
ed. A considerable quantity of test data has been accumulated by the
NASA Lewis Research Center for the damping in spherical tanks with
various fluids (water, water-glycerin mixtures, mercury, TBE manometer
£luid) with and without diaphragms. The majority of this data has not
been published at this date, but detailed review of the results and
experimental methods with Lewis personnel indicates valid dats., Speci-
fically, damping tests were conducted on spherical tanks of 32-inch
diameter with diaphragms of three different thickness of butyl rubber
and with T.B.E., fluid; on a 20,5 inch diameter sphere with diaphragns
and bags of three thicknesses (butyl rubber) with T.B.E, fluid; on a
9.5-1inch diameter sphere with diaphragms and bags of three thicknesses
using both T.B.E. and mercury as fluids.

¥ Oblate spheroids of same size exhibit approximately the same damping
ratio,
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Additional damping tests on these three smooth-walled spheres (no
diaphragms or bags) for various viscous fluids were conducted.

The damping ratio for a 4T7-inch diameter sphere with an 0,01

inch diaphragm was extrapolated from the diaphragm test data availa-
ble using TBE fluid, The effect of the viscosity difference between
TBE and LEM propellants on damping was then estimated by means of the
test data for smooth-walled spheres with various fluid viscosities,
The fundamental trend was checked through comperison of damping with
diaphragms for the 9.5 inch sphere between TBE fluid and mercury. The
'damping ratio thus csalculated was l% of critical for fluid depth in
the approximate range from 0.8 dia, to 0.2 dia, The effect of bladder
material differences could not be obtained from the test data. Be-
cause of the uncertainties in the data and extrapolation method, the
error in calculsted damping ratio 1s estimeted at + 30% of nominal
value,

Use of certain types of baffles can produce a very great increase
in fluid damping per unit baffle surface area, and therefore are quite
efficient in terms of structural weight because of the small forces
involved., Preliminary review of published and unpublished data on
baffle damping in spherical tenks and oblate spheroids indicate that
the circular ring baffle parallel to the fluid surface ls very ef-
ficient for fluid depths in the region 0.2 <¢h/2R <0.8, At shallow
depths where relatively large fluid damping may be desired to prevent
outlet unporting, two smell partial ring baffles in perpendicular
vertical plane, which form a small cruciform, is effective. A typical
anti-slosh baffle design might comsist of two circular ring baffles
located at hy/2R = 0,5 and 0.3 with a ring width of 0.06 dia*, plus a
cruciform of width 0.06 dia. and arc legnth T D/4, Detailed design
is dependent upon vehicle slosh stebility analysis.

Sloshing Stability Analysis

A preliminary analysis of the stability of the coupled attitude
control-propellant sloshing modes has been completed. This analysis
was conducted for one point in time during the ascent thrusting tra-
Jjectory, and considerable simplification was made in the equations in
order to obtaln an assessment of the basic stability character in mini-
mm time,

The time point exemined was 223 seconds after lunar lift-off for
the proposal configuration., This time is approximately two-thirds
with less than maximum h/2R = 0.5 in a constant acceleration field, a
fluid depth somewhat less than this will give meximum slosh force per
unit surface angle because the thrust acceleration is increasing as
the tank drains. The particular time chosen is not necessarily the
point of maximum control coupling, but is estimated to be approximately
the worst condition.

The analysis was restricted to consideration of rigid body planar
motion with a rotational and translational degree of freedom. The
first natural sloshing mode for each tank was included, and higher
modes neglected.
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The sloshing mode of each tank wés coupled to the vehicle equation
of motion in a simplified manner, which retained the major coupling
modes.,

The dynamics of fluid motion in a spherical tank in response to
lateral tank acceleration can be rigorously represented by equations
analogous to a spring-mass plus a fixed mass within the tank, as de-
monstrated in References 1 and 2. BSuch treatment facilitates the
stability analysis and was employed. For the pitch (Y axis rotation)
and yaw (Z axis rotation) stability analysis, the location of the lat-
eral slosh force was assumed to act at the center of the sphere. A
linear representation of the pulse modulated behavior of the reaction
control system was used, and control by reaction jets was assumed.

Stability Results

A root locus of the linearized attitude control system for pitch
or yaw rigid body without sloshing is shown in Figure 1, An operating
gain (K = 12,95) was chosen to prevent the steady-state attitude error
from exceeding 0.1 degree in the presence of a 3000 inch-pound moment
from the main engine thrust offset. Selection of the rate gain to pro-
vide a damping ratio of 0. 7 for the rigid body, provides a frequency
of 6 rad./sec.

The root-locus plots for pitch or yaw including sloshing are given
in Figures 2A, B and C. Location of the rigid body mode has not changed
significantly; but sloshing has introduced four dipoles along the imag-
inary axis with a stable locus between each pole-zero pair.. At the
operating gein, the coupled frequencies are approximately L.84 rad./sec.
and 4,36 rad./sec. The dipole at high frequency has such a minute pole-
zero spread that its residue, and hence coupling with the control system,
is negligible., The lower frequency dipole has a considerably greater
residue and is more significant.

Examination of the roll axis (rotation about X axis) stability
(Fibme 3A, B, and v) shows that the slosh coupling in one mode is
mueh greater than for the pitch axis, but all modes are stable. The
time response of the system to & step attitude command will thus consist
of a well damped rigid body mode with a very lightly damped smell ampli-

tude slosh mode superimposed on it.

Propellant Tapk Unporting Consideration (Proposal Configuration)

A. Descent Stage

When the fluid depth 1s low, slosh mass is small enough to
preclude control instability, but the existance of large amplitude
fluid motion may cause exit port uncovering. Therefore, the maxi-
mum overshoots to be expected using bladders or baffles should be
calculated.

*This produces an approximate dsmping ratio = O, 05 for h/2R =0, 5 and- large
‘surface amplitudes
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A roll maneuver during hover calling for a rate of 10 deg/sec
will require a reaction Jjet on-time of 1.05 second; smaller roll
rates will require proportionately less on-time, These angular ac-
celeration periods may therefore easily persist for one-fourth of
the slosh mode perlod, since the sloshing frequencies run from
w =6,1 rad/sec at full throttle to =1,88 rad/sec at minimm throttle.
The angle of the total acceleration vector with respect to vehicle
centerline at the tank center is:

0=tan T 1 ¢ where ¢ body angular acceleration about X
TT/M axis
T/M = acceleration from main engine thrust
8, = 8.5 deg. at hover thrust
92 = 13,4 deg. at minimm thrust

If duration of ¢is 1/4% of slosh period end the damping ratio
provided by a bladder is_f’: 0.2 the fluid dynamic overshoot will be
92% of input. Thus pesk angle 92 = 25,7 deg. Use of a baffle near
the bottom instead of the bladder could greatly reduce the peak over-
shoot and thus permit emptying the tank to a lower level,

B, Ascent Stage -

A check on the ascent stage near burnout reveals that the.
overshoots are much less, unless the roll limit cycle frequency
equals the slosh mode frequency. A roll thruster firing gives
6 = L.45 deg. The high roll acceleration results in short firing
times compared to the slosh frequencies “e= 4,8 rad/sec,llm = 4,65
rad/sec, However, with ¥ £ 0.05, the maximum expected from a blad-
der at large amplitude and roll limit cycle frequency of 4.8 rad/sec.
(corresponding to a dead-band of approximately 0.50 deg.) the peak
overshoot angle would be 6 = 44 deg., Therefore, it might be neces-
sary to insure that the limit cycle frequency does not coincide with
glosh frequencies. The currently estimated roll limit cycle fre-
quency is approximately 2,7 rad/sec.

Discussion

Results of the ascent stage (proposa.l configuration) stability ana-
lysis show significant but steble coupling of propellant sloshing with
the control system, Slosh coupling with the roll axis control loop is
guite pronounced, Note that at the roll operating gains the length of
the vector to the root from the pole on the upper dipole (Figure 3C) is
approximately 0.7. The introduction of 1% of critical damping into the
tanks by & bladder would not shift the open loop pole far enough into
the left half-plane to meke this mode gain stabilized; so that it would
still require phase stabilization, However, anti-slosh baffles could
easlly gain stabilize this mode.
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Although the preliminary analysis shows stability, approximations
have been made in the equations and the vehicle mass data is quite
approximate, so that phase stability for all sloshing modes through-
out the ascent trajectory cannot be guaranteed.* If detailed analy-
sis shows instabllity or marginal stability, and bladders are instal-
led in the tanks, it appears that phase stabilization must be achieved
by use of high order filters and/or the use of laterel acceleration
feedback or tank differential pressure feedback. -

Conclusion

Results of the ascent stage preliminary stability anelysis show
significant but stable coupling of propellant sloshing with the at-
titude control system, The fluid damping provided by bladders in the
propulsion tanks does not appear to be adequate to insure against
marginal sloshing stability which msy arise froam future vehicle and
control changes, data refinement, or analysis refinement. The
ability to use anti-slosh baffles would permit great flexibility in
achieving the desired glosh stability without resorting to compli-
cated filter and extra sensors in the control system; thus represents
a much more reliable method of slosh control., The existence of marg-
inal slosh stability mey be obJectionable to the pilot, even though
acceptable for the automatic control system.

Significant propellant slosh amplitudes may be generated by
maneuvers during descent stage hover which would lead to outlet un-
porting, and the damping provided by a bladder is insufficient to
reduce these amplitudes. To avoid large slosh amplitude near burn-out
of the ascent stage (using main engine) it may be necessary to re-
strict the roll limit cycle frequency from coinciding with the slosh
frequency 1if the tank contains a bladder, Fuel slosh tests are pre-
sently part of the test LEM test plan (reference LPL-600-1, Test Plan
for LEM, 15 May 1963).

*¥BEffect of guidance steering loop on short stability has not been con-
sidered here.
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DEVELOPMENT OF EQUATIONS

LINSARIZeD RuACTION CONTROL SYSTEM
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Closed Loop Transfer Functions:

Command

() &

-1

Ke

KoK FL/I

KQ"‘KQS

/

| 52

e

VENICLE
DPOYNAMICS

52 + KnFLXgS | KmilXp

Torque Disturbance:

(2) &
Tp

- Criterion

1/1

L

7+ KF RS YK

I

I

1. Steady state offset due to constant torque disturbance.

2.  Transient responsd ;

Fig 1A

The largest moment unbalence is expected to occur during powered ascent.
A C.G. shift of 1 inch along the Y or Z axis with a thrust of 30CO lbs.
along the X axis would result in a moment unbalance of 3000 in-1lbs.
required steady state guidance accuracy during powered ascent is assumed
ue theorem on Eq. (2)

to be 0.1 degree.
determines the required loop gain.

T

(3) T (8) = 2
S

Therefore,

(4) o(s) = oD .
S

1/1

Utilization of

4 e o
the final val

52 + (K FLKg/I)S + K FIXG/I

Using the final value theorem,

(5) O(ngs s

L™
5~0

s-Tp

1/1

S 82 4 (KyFLKR/I)S + KyFLKe/I

For a constant moment unbalance,
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The reaction control system parameters during powered ascent are:

F = 200 1bs,
L =5.5 ft.
I = 2000 slug-ft2

Substituting into Eq. (5),

(6) KmKo= /30 1/rad.

The linearlzed reaction control system shown in Fig.1A is second order.
The natural frequency 1s given by:

(1) % = [JKosmFL/r = 8.5 rad./sec.

: The damping ratio is:

(8) )7 = KmFL Kp
U T
For a damping ratio of = 0,7
AmKg = 21.5 1/rad, sec

A root locus of the linearized reaction control system is shown in
Fig. 1.

.II. Sloshing: .

The effect of fuel sloshing on reaction control system stability for planar
motion during powered ascent 1s being considered. One condition of powered
ascent 1is being investigated, namely 233 seconds after lift-off. Significant
parareters with respect to the pitch axis are as follows:

Gross Weight = 5100 lbs
Tyy = 1900 slug-ft2
C.G. Station = 163.2 in.
Thrust/wcight = 0.6

The fuel and oxidizer tank parameters are as follows:

Ascent Fuel Tanks:

No. of tanks = 2

Welght gue1/tank = 227.17 lbs.

Y-station iocation = 136 in.

Tank racdius = 17.5 in.

Fuel censity = 55.66 lbs./ft>

Uncoupled natural frequency = 4,142 rad./sec.

Ascent Oxidaizer Tanks:

No. of tanus = 2

Welghtoy./tank = 4SL.33 1bs.

X - station location = 176 in.

Tank racius = 18.5 in.

Oxidizer density = 83.47 1bs./ct.3
Uncounled Natural Frequency = 4.3k rud./sec.

L= 000-
o)
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A rasse=spring analogy is used to represent & sloshing fluid in
a spherical tank (Fig. A2),

e N

\

-
h

4 X

Where
h is
R is
< 1o
1 8
EL is

£

A%

TANK MATIWMATICAL MODEL Fig. A2
the height of the fluid (ft.)

the tank radius (ft.

the equivalent sloshing mass (slugs)

the equivalent spring constant

the total fluld mass

Each pair of ascent fuel tanks and oxidizer tanks are symmetrical with
respect to the X-Axis (fig. A3)

CONVIGURATION CFF ADCENT FUEL AND OXIDIZER

TANKS WITH Ri3P:CT TO THE PITCH AXKIS Fig A3

Equivalent tanks corresponding to the two fuel and oxidizer tanks
were placed on the X-Axis {fig. A3). The equivalent tank has twice
the mass and spring constant ¢f & single tank. The mechanical
analog of the tanks on the X-Axis is shown below in fig. Al.

AY

MICHANICAL ANALCG O ASCEND TANKS WITH

ESPECT TO THE PITCH AXIS Fig kA

vl W)=
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The degrees of freedom being considered are:
1. One rigid and two slosh degrees of translation.
2. One rigild degree of rotation.
The equations of motion for the vehicle and ascent tanks are given below:
(5) MZE + K(2-2,-£,8 +h(2-g, ~£28)=0
(0 ZE +KL)(Li8-2+8) + Keks(Ls6-2%F)=T
(22) m, é,' * K (G 4L, O ~2) =0
(22) 2, rh2(gerE20-3)=0
The reaction control system equations for pitch are as follows:
(33)  fez0e-06
(%) 7= um Lo
(25) T TC TP
(16) Go=Keo +K2 8

Assume the input functions are zero (i.e. Sz = 7, = QO ). Comdbining
equations and using laplace notation,

01)  (wsiesrus) 2 = (Lo, #E2K2) S ~KiGI K222 + 0820
(8 =(Lia,4Loke)a + (Ts+ME4K143 O+ KLig, +Kibog, =t FLEE=O

(19) L X, 2 + KL, & ~/-(m,,534/(,)g, - 02, + 08, =0
(20) —Ka2 - Koh2O o 0g) A sEiK)2,+ 0C2=0
1) o=z + (Kot KeS)O A 02, + O, 4 Bz =0
In matrix form, equations (17) -(21) can' be written as, )
(152 404 K)) —~ ik, +L2 k) —K, -Kz O\\’ -E’\
(LK, +L 1K) (1_524.}(,[’24/(;(}) K 2. K2 L2 -KMFL\;‘E @E .
(22) —K, “ L, (msxK) O o ’[ 2, E'-‘- O)
=K, K2 &2 Lo (mestk) O l 82
Jo) (Ko +KRS) o) o WA
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Using the characteristic matrix, a digital routine was used to generate

o root locus. The following parameters were uscd in the characteristic
matrix for ascent pitch.

= - . = -2
vﬁj‘ 2.265 Ft ‘ my 10.12 slugs
= 1.06L4 ft. = 19.7 slugs
2 2]
Ky = 197 Ke = 1 volt/rad
Xy - 370 Kg = 0.165 volts/rad/sec
I = 1831 alug-ft2 Km = 130 volts/rad

M = 128.7 slugs

The root locus is shown in Figure 2A. The tank dipoles are shown
blown-up in Figure 2B and 2C. Zrom the root locus in Figures 2A, 23,
and 2C, the natural frequency and damping ratio of the reaction control
system and ascent tanks are determined (see Table 1).

Teble 1
E Wn - rad/sec
System | Yatural rreq. Damping PRatio
Rigid Body Mode | 8.95 0.7h
Fuel Tank ! L.84 0.0006
Oxidizer Tank - (7 k.37 0.0032 i

NATURAL FREQUENCIES AND DAMPING RATIOS OF REACTION CONTROL

ORI 1 - \ vy | e I e v
SYSTeEM (PITCH) AND ACCENT TANKS WITH SLOSHING

A similar analysis was cone for the roll axis during powered ascent.

configuration of the fuel and oxldlzer tanks are shown in Figure AD.

A
~\ O XN 2ER, FUEL
AR
\Jj Z
,;'. ’ / — 2

S\

Figure AS

CONFIGURATION OF ASCENT FUEL AND OXIDIZER TANKS WITH
RESPECT TO THE ROLL AXIS

L.
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The two oxidizer and two fuel tanks were each lumped into one equiva-
lent tank. Below in Figure A6 is shown the mechanical analog of the
ascent tank with respect to roll.

7L

Figure A6

v
MECHANICAL ANALOG OF ASCENT TAINKS
WITH RESPZCT TO THE ROLL AXIS

A torque applied about the x-axis will cause a net sloshing force
of zero in the z or y direction. This i3 epparent since the tanks are
symmetrical with respect to the c.g. (See Figure A5). The overall
reaction control system equations for the roll axis are given below
in laplace notatlon.

(23) [152 + 12(ky#65)]e + Kyla) + Kplay - KFLe, = O
(24%) Kj16 + (m162+Kl)q' +0q, + 00e =0

(25) K10 + 0qy + (mpS24Kp)a, + 00, = O

(26)  (Xg+KgS)O + O0gy + Ogy + 6, = 0

In matrix form, equations (23) - (26) can be written as,

/o o o _
LIS® + 12(K1+K2 _):,' K11 Kol al{mF'L\ / e \\
Ky1 (524K 0 .0 q
(27) 5 =
Kol 0 (m«zs +K2) 0 Q2 l
(KO + KgS) 0 0 1 S /

Again using the characteristic matrix shown ebove, a digital routine was
used to0 generate & root locus. All parameters remained the same except
the following:

1 = 1850 slug-ft.2

1 = 4.125 ft,
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The root locus for the ascent roll case is shown in Figure 3A. The
tank dipoles are shown blown-up in Filcure 33 and 3C. Table 2 indicates

the natural frequency and damping ratio for the reaction control system
and the ascent tanks.

Teble 2
Ehi’n - rad/sec [ 7
System i Nntural Freq. | Damping Ratio

it

Rizid Body Mode i 9.2 0.7

Fuel Tank ;; 4.393 0.0011

Oxidizer Tank | k255 0.0202

. 1 L

|

NATURAL FREQUENCIES AND DANMPING RATIOS OF REACTION CONTR0L
SYSTEM (ROLL) AID ASCEND TANXS WITH SLOSHING

[ED="00-0
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